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inTRoDucTion
In radiotherapy clinical practice it is common to handle 
large amounts of patient data with efficient data manage-
ment systems. Examples hereof are PACS (Picture Archiving 
and Communication System)1 treatment planning systems 
that include radiobiological modelling and can transfer 
treatment instructions to irradiation equipment (e.g. linear 
accelerators), DICOM (Digital Imaging and Communica-
tions in Medicine)2 standards for images, treatment plans, 
dose distributions and structure delineations, which facil-
itate easy data processing and data transfer in the clinic 
and between different clinics. In particular, the DICOM 
standard is well supported by a wide range of imaging and 
treatment device manufacturers and healthcare IT support 
services.
In the upcoming field of image-guided precision radiation 
research, the aim is to empower preclinical animal trials of 
combinations of radiation with other agents such as drugs, 
chemotherapy, immunotherapy etc. The novel radiation 
research platforms3,4 that became available recently are 
heavily used for cancer research, but could also be used 
for other diseases in, e.g. neurology, cardiology etc. Besides 
using radiation beams to destroy cancer cells, these plat-
forms can be used to introduce selective damage in various 
organs.5 Figure  1 shows a typical workflow of modern 
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objective: Preclinical biological research is mandatory 
for developing new drugs to investigate the toxicity and 
efficacy of the drug. In this paper, the focus is on radiobi-
ological research as an example of advanced preclinical 
biological research. In radiobiology, recent technolog-
ical advances have produced novel research platforms 
which can precisely irradiate targets in animals and use 
advanced onboard image-guidance, mimicking the clin-
ical radiotherapy environment. These platforms greatly 
facilitate complex research combining several agents 
simultaneously (in our example, radiation and non-radia-
tion agents). Since these modern platform can produce 
a large amount of wide-ranging data, one of the main 
impediments in preclinical research platforms is a proper 
data management system for preclinical studies.
methods: A preclinical data management system, 
inspired by current radiotherapy clinical data manage-
ment systems was designed. The system was designed 
with InterSystems technology, i.e. a programmable 
Enterprise Service Bus solution. New DICOM animal 
imaging standards are used such as DICOM suppl. 187 
for storing small animal acquisition context and the 
DICOM second generation course model.
Results: A small animal big data warehouse environ-
ment for research is designed to work with modern 
image-guided precision research platforms. Its modular 
design includes (1) a study workflow manager, (2) a 
data manager, and (3) a storage manager. The system 
provides interfaces to, e.g. preclinical treatment planning 
systems and data analysis plug-ins, and guides the user 
efficiently through the many steps involved in preclinical 
research. The system manages various data source loca-
tions, and arranges access to the data centrally.
conclusion: A novel preclinical data management 
system can be designed to improve preclinical work-
flow, facilitate data exchange between researchers, and 
support translation to clinical trials.
advances in knowledge: A preclinical data management 
system such as the one proposed here would greatly 
benefit preparation, execution and analysis of biological 
experiments, and will eventually facilitate translation to 
clinical trials.
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preclinical cancer research: starting from a biological model 
(cell culture, organoid, animal), response of normal or cancerous 
tissue to radiation combined with other agents is studied.6–8 
While there has been much recent progress in developing tumor 
models (e.g. orthotopic) and precision irradiation combined 
with imaging,9,10 the current bottleneck is data storage, retrieval, 
communication and analysis for these experiments that may 
generate large amounts of data, e.g. in multimodality imaging 
longitudinal studies. Other aspects such as defining research 
protocols, and efficient time-management of the workflow of 
experiments, could also be substantially improved by borrowing 
and adapting methods from clinical practice. The latter is often 
far ahead of data handling methods currently employed in 
preclinical experiments.
In this paper we present a proposed design of a data management 
platform to improve image-guided precision preclinical research, 
and to empower big data analysis. This platform is inspired by 
current and near-future clinical methods, but also contains some 
aspects specific to animal studies.
DeSiGn of THe DaTa manaGemenT SySTem
Requirements for the data management platform
Among the sources of data that may need to be handled in 
modern preclinical experiments are (non-exhaustive list): (1) 
study set-up, (2) treatment schedules, (3) radiation treatment 
plans, (4) various sources of imaging data (MRI, PET, SPECT, 
CT, dual-energy CT, multi energy CT, cone beam CT, digital 
pathology, histology and other microscopy images, (5) radiomics 
data, (6) genomics data, (7) data analysis files and reports (text 
and graphics) etc. Imaging-based cancer research is in the early 
stages of a revolution towards digitization, which also requires 
more advanced tools for data standardization and manage-
ment. In our example, several commercially available radiation 
research platforms [notably XRAD-SmART from PXi (North 
Branford, CT), and SARRP from XStrahl Ltd (Camberley, UK)] 
currently support the DICOM standard for imaging and radio-
therapy DICOM-RT objects (RT Image, RT Structure Set, RT 
Plan, RT Dose). Recently DICOM working Group 30 issued 
DICOM standard supplement 18711,12 for the acquisition of 
preclinical small animal imaging data. This is about 25 years 
after the introduction of the clinical DICOM imaging stan-
dard and about 20 years after adding the DICOM-RT objects.2 
It is expected that this will greatly facilitate preclinical data 
management.
However, to ensure efficient handling of the vast amount of data 
that modern preclinical trials can generate, a data management 
platform should ideally be capable of:
(1) managing the workflow of entire animal experiments 
(preparation, execution, analysis)
Figure 1. Example of a typical workflow in modern preclinical image-guided precision radiotherapy experiments. Starting at the 
top left and then counter-clockwise: (1) creation of a tumor model in a small animal, (2) Experimental schedule with several arms, 
(3, 4) planning and execution of image-guided precision irradiation, (5) data collection and analysis, and (6) translation into the 
clinic.
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(2) handling large volumes of data from many different sources 
stored at different locations
(3) integrating with preclinical systems (e.g. treatment planning 
systems)
(4) reporting of the study results
(5) handling complex queries and allow/create different views or 
representations of the (experimental) data
(6) supporting plug-ins for outcome prediction models
(7) supporting inter- and intra institutional communication 
between data management platforms
(8) translating preclinical findings into human clinical trials.
While many of these requirements are similar to the require-
ments for clinical operation, adaptive radiotherapy and clinical 
trials, a number of elements are specific to animal studies. The 
most important differences in requirements are related to the 
underlying data model, which needs to be extended. For clin-
ical use a patient oriented DICOM second generation RT-Course 
record model is desirable to record/orchestrate all data acquired, 
while for small animal research an animal cohort (collection of 
study subjects) oriented data model is mandatory. Besides the 
registration of acquired data in its context (workflow), infor-
mation and context about the different study arms (a subset of 
experiments) and the cohort needs to be captured. Therefore, 
the data model has to be extended with study arm and cohort 
specific data and information. This extension of the data model 
is critical for research purposes while in a clinical setting data 
captured in its context is the most important aspect. Other differ-
ences are at the level of the interactions of the platform with the 
many different imaging and other devices encountered in animal 
research, and for the data generated from ex-vivo tissue analysis.
General description of the data management 
platform
Figure 2 shows two representations of an animal data manage-
ment platform. The left panel shows the different levels where 
the system can support research. At the lowest level the system 
manages the pre-clinical operation, it supports the research 
team in their daily activities: it helps to execute experiments and 
trials efficiently, it facilitates daily data handling, and it provides 
Application Programming Interfaces to other systems (e.g. radi-
ation treatment planning system) and research software (e.g. 
MevisLab image analysis modules).
At a higher level the management of the preclinical workflow 
and data takes place. Here the research cohorts and studies are 
managed, e.g. planning and managing experiments including, 
e.g. a link to an electronic calendar to alert researchers to their 
tasks at hand. Templates for workflow description are provided. 
Consistency of data reporting is also assured at this level.
At the top level tools for big-data analysis, mining and trend anal-
ysis are provided. This is also the level where the translation of 
studies into clinical trials is facilitated. This is arguably the most 
challenging part and where most of the knowledge is currently 
lacking. Rules to translate preclinical findings into human trial 
protocols can be provided at this level, taking into account that 
these rules may still need to be discovered.
The right panel of Figure 2 provides a general view of the manage-
ment stages (workflow, data and storage) and the interactions 
necessary to support preclinical research. Workflow management 
is necessary to be able to perform consistently the research and 
provide support on which activity to execute and how to do it. 
Workflow management has a close interaction with data manage-
ment as results/data (e.g. document, DICOM files, reports, images) 
produced throughout the workflow have to be managed within the 
context of the creation and life-cycle. Workflow manages the activ-
ities which need to be performed and data management controls 
the conditions of how data was produced within the work-
flow context. Storage management is concerned with where the 
produced data actually resides (e.g. PACS, file-share) within the 
research department. Storage management essentially keeps data 
at the source and prevents undesirable data duplication with the 
risk of inconsistent data. The workflow management guides the 
process of producing data and keeps the data record consistent. 
Data also produces workflow: data triggers research and other 
activities such as storage and analysis, and the workflow guides the 
user through the next steps in the process in the correct sequence.
Figure 2. Left panel: This shows the various levels where a data management system can support preclinical research. Right panel: 
Schematic overview of how all stages of data production, storage, management and workflow interact.
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ReSulTS
Data management system
A design of a data management system for preclinical research 
is shown in Figure  3. Central to the system is an intelligent 
Small Animal Big-data warehouse Environment for Research 
(SABER). A commercial enterprise service bus from Inter-
Systems (Cambridge, MA) was used. This system contains an 
ultra-high performance database (InterSystems Caché) and 
interconnectivity for most medical protocols13 (e.g. DICOM, 
HL7, FHIR, etc.) and non-medical interface protocols (e.g. 
SOAP, REST). The InterSystems Caché is by nature an unstruc-
tured database but capable of supplying structured views at, e.g. 
the study execution side from a cohort/study/animal perspec-
tive while simultaneously being capable of near real-time data 
views and analysis by providing connectors to big data anal-
ysis tools, e.g. Apache-SPARK. This can be utilized for big-data 
purposes. SABER provides various interfaces to, e.g. animal irra-
diators, radiation treatment planning systems (e.g. SmART-ATP, 
SmART Scientific Solutions BV, Maastricht, Netherlands)14 and 
communication to image acquisition stations. It also provides 
standardized or proprietary interfaces for image processing and 
third-party image analysis software (plug-ins). There are many 
different options available in preclinical research such as P-MOD, 
MevisLab, MiM, CERR, Imalytics, VivoQuant, 3DSlicer, Osirix, 
Amide, AsiPro, to name just a few. These packages allow a range 
of data and graphical analysis from very simple to highly complex 
such as data mining and radiomics image feature analysis.
SABER also provides interfaces to various custom models (e.g. 
dose response models, prediction models) and to an application 
programming interface (API) that allows developing one’s own 
models (e.g. in MATLAB, Mathworks, Natick, MA or Python, 
Python Software Foundation, …).
In the top layer of Figure 3 various user interfaces to handle the 
study which require user interaction are depicted. The Trial/
study manager serves to formulate the research questions, set 
up the study parameters, the cohort(s), define all the parts of 
the study (imaging, irradiation, data analysis), ensures that no 
study arms are forgotten; it defines the whole workflow (see also 
the example in Section 3.3). This is one of the most powerful 
elements in the data management system. A Trial/study data 
browser allows quick overview and navigation of the acquired 
information and the details of a single study. Also very important 
is the Study query engine which supplies a view across multiple 
studies. This uses intelligent and efficient software to extract 
information about the cohorts using a visual query builder, based 
on the InterSystems Query language. A large advantage is that 
structured data can be retrieved much faster.
Small animal Big-Data warehouse
The core of the data management system is the SABER, a “black 
box” that the user does not need to know the details about, 
consisting of three layers: a workflow management layer, data 
management layer and storage layer (Figure 4).
The workflow management layer records the study workflow 
definitions, the model/templates of the workflow to be followed 
for a research project and it records the state of the active work-
flows, determining whether activities in the workflow are due or 
late depending on whether pre- and post-conditions are met etc. 
to enable/disable next steps and inform the user about workflow 
status. Workflow flexibility is key, and changes can be made at all 
times during all phases of the experiments.
The data management layer keeps track of cohort and study 
records, manages the study object information and employs 
the DICOM second generation radiotherapy course record (the 
course record is the basic structured data record of the acquired 
information. It is the data-model used to capture the information/
data for each executed workflow). The latter is the orchestrating 
data management framework for each individual workflow. The 
course record provides a means to put the produced study data 
in its context, in our example here a radiotherapy small animal 
study/treatment. The data management layer (Figure  4) also 
Figure 3. Data management system design.
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allows data files in many different formats to be handled (e.g. csv, 
pdf, doc, xls, …).
The storage management layer takes care of the actual storage 
and handling of the data. It manages by default that all infor-
mation local and external about the studies is stored securely 
(including a backup system). SABER relies on data provided by 
different sources, therefore to prevent data being duplicated the 
storage philosophy of SABER is to let data remain at the source 
where it was generated. SABER keeps only a reference/record of 
where the data resides. For example images stored in a PACS are 
not copied but what is stored is a record of the image and its loca-
tion, in this case the PACS storage device, reducing the amount 
of storage needed but keeping a consistent record. Furthermore, 
the storage layer is responsible for routing documents from one 
source to another. Documents are defined as data produced 
during execution of a task in the workflow.
Example of use of the data management system
Figure 5 shows an example of all the steps involved in a typical 
experiment involving stages of preparation, execution and anal-
ysis. Details and complexity can vary substantially for different 
experiments. This kind of design can be made with, e.g. the 
eclipse sirius tool,15 using an intuitive graphical user environ-
ment, easy click and drag tools, and stored templates. All the 
tasks generate actions, which take the user to various steps in the 
data management system. Once this template is filled, an entire 
management structure is generated, where the general idea is to 
support the user in all steps, ensuring, e.g. that no experimental 
arms are forgotten, that experimental materials and animals 
are ordered, and that administering of drugs of radiation is 
performed timely. A clear timeline would be generated, with 
all the tasks to be performed, indicating the persons who will 
perform tasks, and this could be linked to electronic agendas of 
the users.
DiScuSSion
In establishing radiotherapy practice, radiobiology research has 
not yet played a major role. Radiobiology has mostly yielded 
fundamental insights in radiation action on living tissue but it 
has not yet led to major translational breakthroughs.4,16,17 This 
may change now with the increasing availability of novel tumor 
animal models (often orthotopic) and image-guided precision 
irradiation platforms. These platforms have seen an exponential 
growth in use, from less than 10 users a decade ago when the 
field started, to more than 100 now and is still rapidly growing. 
The development of these platforms has focused mainly on the 
radiation targeting and imaging capabilities. Another essential 
part of the technology to enable the clinical translation process 
is a data management system. This can be designed in analogy 
with clinical radiotherapy data management systems but there 
are also essential differences such as the focus on the cohort 
Figure 4. SABER design. SABER, Small Animal Big-data warehouse Environment for Research.
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instead of the single patient, the wide range of experimental tech-
niques (imaging, genomics, histology,…) and the vast amount 
and versatility of the data generated. Whereas for a typical 
radiotherapy patient about 10 gigabyte of data is handled, for a 
preclinical cohort this can run into the terabytes, especially when 
raw imaging data is stored for further offline analysis.
The potentially large amount of data generated in preclinical 
studies also requires powerful data analysis methods, such as data 
mining and radiomics image analysis. To integrate seamlessly the 
data analysis with the setup and execution of preclinical experi-
ments, a platform such as the one proposed here is required. The 
design should heavily focus on efficiency and user-friendliness, 
also taking into account that many users will not be experts in 
informatics systems, unlike in a clinical radiotherapy environ-
ment where full support of these systems is available.
In radiotherapy, standardization has benefitted clinical practice 
and internal and external communication. It took many years 
to reach the current standards, and the design of a preclinical 
platform can greatly profit from the efforts in radiotherapy 
informatics. The benefits of a preclinical data management 
system are:
•	 A centralized point of communication with complete 
transparency
•	 Coherent study object data operations
•	 Centralized storage of study & cohort records
•	 Clear guidance through preparation, execution and analysis of 
experiments
•	 Leveraging of information from different data sources
•	 Increased performance and operation efficiency
•	 Data standardization
•	 Easy communication with other institutes
One of the bigger challenges remains the translation of preclin-
ical findings into clinical trials and knowledge.17 However, some 
roadblocks and issues have been reported for successful trans-
lation of pre-clinical research.16,18 These roadblocks and issues 
encompass a fragmented infrastructure, incompatible data-
bases and consistent data acquisition, to name just a few items. 
These are the more technical blocks and issues which might be 
solved by the proposed solution. The rules to enable translational 
Figure 5. Example of the workflow of the preparation, execution and analysis of an image-guided radiation experiment integrated 
with the data management system. Details can vary per experiment but the three main blocks will usually be present. The term 
protocol refers to actions/activities within the subtasks in each block, which should be standardized. The example workflow starts 
from the experiment definition, runs through the experiment execution with the acquisition of CBCT images and BLI to the treat-
ment delivery and finishes with the experiment analysis analyzing the CBCTs, BLIs and DVHs. BLI, bioluminescence images; CBCT, 
cone-beam CT; DVHs, dose volume histograms.
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research with these type of platforms still largely have to be 
discovered. However, the novel platforms, including a powerful 
data management system, may greatly facilitate this process.
concluSion
It can be concluded that a data management system such as the 
one proposed here, and largely inspired by current radiotherapy 
data management systems, will benefit preclinical radiation 
research. There are many similarities between the clinical and 
preclinical situation, but there are also essential differences. An 
important aim of a preclinical data management system should 
be to improve experimental workflow but the final aim should 
be to support translation of preclinical findings into clinical 
trials.
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